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There have been a number of key advances in recent years that 
make commercial development of laser-driven IFE timely

Advances in ICF physics and technology understanding
The National Ignition Facility has made considerable 

progress in understanding hot-spot ICF

Very high efficiency in laser driven proton sources 
has been experimentally observed

NIF has produced >1.3 MJ 
of fusion yield on a shot –
70% conversion of laser 
energy to fusion energy

More than 10% of picosecond 
laser pulse energy has been 
converted to a proton burst

Advances in high energy laser technology

Lasers with many hundreds of Joules of energy 
operating at 10 Hz can now be constructed

Multi-PW lasers have now been built and 
can be commercially obtained

Rep. rated kJ class sub-
picosecond 10 PW laser has 
been deployed at ELI in Prague

100 J pulsed laser operating at 
10 Hz have been fielded

Diode laser prices have 
dropped <$1/W

New techniques for fabricating 
cone-in-shell PFI targets



We are developing a technical plan to commercialize IFE by the mid 
2030s, with a goal of attempting ignition by the end of the decade

IFE Phase 1: Test facility and studies

IFE Phase 2: SUPER -NOVA facility.               Ignition

IFE Phase 3a: QUASAR Diode-pumped power plant demo

IFE Phase 3b: High gain

IFE Phase 3c: Power demo

2021       2022      2023      2024               2026              2028                2030                           2035  2040    

Way to ignition and self-sustaining combustion Capital marketExperimental proof of the scaling behavior of our approach

Micro-Assembly

Thin Film 
Coating

Experimental Planning

Micro-Machining

Characterisation

MEMS
• Basic approach chosen is to utilize direct 
drive implosion with 2w light and ignite by 
proton fast ignition

Study most important 
physics
→ Hydro- eff. and LPI 
control with 2w drive
→ proton acceleration with 
multiple PW beams (10% 
efficiency goal)

Study integrated 
compression/proton heating
→ Cryo-targets
→ proton acceleration with 
cone-in-shell target

IFE R&D
• 10 Hz diode-pumped Laser 
module devel
• Mass production target fab
• First wall materials and 
reactor design

IFE Power plant 
deployment

Rep-rated power 
plant development



Fast ignition (FI)

Fast ignition (FI) fuel assemblies differ from 
their central hot spot (CHS) counterparts

•
 

Fuel is isochoric (by which we mean all at the 
same density)

•
 

Ignition takes place in denser fuel

•
 

Ignition takes place at the edge of the fuel

•
 

Burn propagates from one side of the fuel to the 
other, rather than from the centre outwards

Difference between hot spot and fast ignition

Proton Fast Ignition ignites compressed fusion fuel by producing 
a hot spot on the edge of the fuel with a proton pulse



Direct-drive, proton fast ignition using 
a cone-guided capsule:

• Better energy coupling
• Applicable to fusion energy
• Uses higher efficient green light
• Less sensitive to instabilities
• Higher fusion gain
• Capsule protection in 

a power plant

Combining direct-drive laser fuel compression with proton fast ignition to 
generate a commercially attractive path to harvest energy

Absorption & 
heat transport

Acceleration & 
rocket effect

Deceleration & 
compression

Laser-ion beam 
generation

Ion beam heating 
of dense fuel

Ignition & 
fusion burn
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Proton Fast Ignition in our approach will employ a cone in shell 
target

Micro-Assembly

Thin Film 
Coating

Experimental Planning

Micro-Machining

Characterisation

MEMS



HiPER: a high-gain approachIgnition at NIF by 2011

Fast ignition

compression ignition+

Indirect drive

The Fast Ignition approach decouples the implosion of fusion fuel 
by long pulse lasers from the sparking of ignition in that fuel

Lawrence Livermore National Laboratory 14 

Rosen APS/DPP 10/14/14 LLNL-PRES-662854 

We think 3 major issues caused the degraded performance 
of the NIC point design (“Low foot”, 4 shock CH capsule) 

The hohlraums were complicated by Raman (SRS) on the inners: This then required 
CBET & each affects the other. Unexplained “deficits” in drive, and hard to calculate 

symmetry ensued. SRS also made hot electrons, which may have affected performance. Lawrence Livermore National Laboratory P611468.ppt – Edwards– NIF DRC, 05/06/14 
25 

Capsule!instability!!!!!! Asymmetric!implosion!

Two major issues were identified as having dominated 
performance during the NIC 

Growth x Surface seeds 
is too large leading to  mix at lower 

velocity than predicted 

X-ray push on the capsule is not 
symmetric enough resulting in loss 

of efficiency at stagnation 
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Capsule!instability!!!!!! Asymmetric!implosion!

Two major issues were identified as having dominated 
performance during the NIC 

Growth x Surface seeds 
is too large leading to  mix at lower 

velocity than predicted 

X-ray push on the capsule is not 
symmetric enough resulting in loss 

of efficiency at stagnation 

Compression and heating of the fuel is hard and 
ignition is challenging (but not impossible) 

because of instabilities and lack of symmetry

Cone guided proton fast ignition separates compression from heating, 
yields higher gain, smaller facility and is less sensitive to instabilities

HiPER: a high-gain approachIgnition at NIF by 2011

Fast ignition

compression ignition+

Indirect drive

IFE Engineering
• Lack of hohlraum eases on-shot debris clearing problem at 10 Hz
• Cone in shell PFI target can act as shield for target as it is injected 

into a reactor chamber

We believe that there are a number of reasons why direct-drive PFI approach has advantages for IFE commercialization
Physics:
• 2w direct drive reduces needed compression laser energy to ~ 400 kJ
• Proton ignition relaxes requirement of fuel assembly symmetry
• PFI permits lower compression drive laser intensity since no hot-spot 

need be formed, aiding in LPI mitigation



Our approach has been chosen to try to address many 
of the unsolved problems in IFE

Four requirements for traditional hot spot ICF need to be fulfilled:

  |    |    |    |  

Einzeln wurde fast alle Anforderungen im  
Experiment erreichtCompression as cold as possible High kinetic energy in payload

No instabilities during compression Perfectly round shape

Growth rate:

a=1012g

Fast Ignition yields higher gain, smaller
facility and is less sensitive to instabilities

HiPER: a high-gain approachIgnition at NIF by 2011

Fast ignition

compression ignition+

Indirect drive

HiPER: a high-gain approachIgnition at NIF by 2011

Fast ignition

compression ignition+

Indirect drive

• Less compression, less instabilities
300g/cc vs. 1000g/cc; 100 km/s vs. 350 km/s; longer compression time

• Cold assembly of dense fuel
less spherical symmetry required

• Larger fuel mass to burn
thicker shell or even solid target, no low density hot spot

• Cone guided geometry
shell protection for injection into reactor, double shell assembly, fueling

• Broader fuel choice possible
hot spot energy constant, burn wave into low T or alternate fuel

acceleration



Superposition
of PW Lasers

Cone Stablity

High-Z
Mixing

Beam Propagation

Energy Deposition

Conversion efficiency

Distance

Amount of
available Protons

Foil stability
Laser 100kJ,3 ps
1020 Wcm-2

20 kJ protons 
kT= 3 MeV  

Challenge: Energy must be delivered to the dense fuel

1000 x solid 
density

Laser stops at 1% 
solid density

tip (see Fig. 4(d)), as shown in Fig. 6(b). At this time, the beam
divergence is quite high, with a full width at half maximum
(FWHM) of about 55!.

4. Reduction of the beam divergence

As the Bz field is generated by the surface currents along
the cone walls, the control of these currents can be effective
for reducing the beam divergence. This could be done by
isolating partially the converter foil from the cone walls by
using high resistivity materials. In addition, this procedure has
the advantage of improving the laser-to-proton conversion
efficiency, as mentioned in Section 3. However, due to the
extensive computational resources requested for doing multi-
ps PIC simulations including collisions, we study here the

dependence of the beam focusing on basic parameters of the
cone target and the laser pulse, such as the cone tip material
and the laser intensity. Advanced cone designs including
collisional PIC simulations will be a subject of future studies.

4.1. Reduction of the beam divergence by using heavy
materials at the cone tip

As shown in Section 3, the strong erosion of the carbon
cone tip at the end of the proton pulse increases the beam
divergence substantially. Thus, we have explored the pos-
sibility of reducing the tip erosion by using a heavier ma-
terial at the cone tip. We have conducted PIC simulations of
the same hollow cone depicted in Fig. 1 but with a gold tip.
The electron densities near the carbon and gold cone tips are
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Fig. 5. Energy density of the proton beam at (a) 1.0 ps, (b) 1.5 ps, (c) 2.5 ps and (d) 3.5 ps.
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Fig. 6. (a) Radial and (b) angular distributions of the proton beam just before (x ¼ 79 mm) and after (x ¼ 91 mm) the cone tip at selected times. The distributions
before and after the cone tip are plotted by dashed and solid lines, respectively.

32 J.J. Honrubia et al. / Matter and Radiation at Extremes 2 (2017) 28e36

Energy density of the proton beam a) 1ps b) 1.5ps
(1)

1J.J. Honrubia et al., On intense proton beams and transport 
in hollow cones, Matter and Radiation at Extremes 2, 28, 2017
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The PFI approach is based on an extensive body of 
experimental and computation work

Experiment

DRACO/Spect3D 
simulations

(2)

2W. Theobald et al., 54th Meeting APS-DPP, 2012

We have addressed the key topics in proton fast ignition

Micro-Assembly

Thin Film 
Coating

Experimental Planning

Micro-Machining

Characterisation

MEMS



There is an excellent existing experimental and computational 
physics base for proton fast ignition

TNSA

Experimental verification… 

Overview of experiments… 

Streak-Camera is “monitoring” thermal 
emission in the visible spectrum 

Early stage – isochoric heating 
FWHM = 46 µm  

Ray-Tracing 
Mesh #1 => focal length 160 µm 
Mesh #2 => focal length 310 µm 
Expectation =>  focal length > 375 µm 
Focal spot => 30 µm 12 MeV 

r = 375 µm 

46 µm  

30 µm 

570 nm thermal emission of Al  

256 eV XUV emission of heated polymer 

19. August 2012 | Oliver Deppert | 4th Target Fabrication Workshop 2012 | Plasma physics workgroup TU Darmstadt | 15 

P. K. Patel et al., Phys. 
Rev. Lett. 91, 12 (2003) 

P. K. Patel 

K. Harres 

Model  
and experimental results 

570 nm thermal emission of Al  
o “Hot” electron current  
o Compensating return currents <= current conservation 
 => Induced rotating magnetic field around cone walls 
o      Charge separation => electric field near cone walls 
 => Proton trajectories altered by Lorentz force 

Laser  
92 J @ 750 fs @ defocus 
I = 4 x 10^19 W/cm², 0° incident 
PHELIX laser-system, GSI Darmstadt, Germany 
 
o Focus for low energetic protons (~9 MeV) 
o Annular feature for high energetic (>12 MeV) 

19. August 2012 | Oliver Deppert | 4th Target Fabrication Workshop 2012 | Plasma physics workgroup TU Darmstadt | 18 

effect falls off sharply with increasing tdelay. To investigate
the underlining mechanisms determining the optimum pulse
separation, particle-in-cell simulations using an explicit 1D3P
code15 have been carried out to explore the double-pulse laser
drive effect on the coupling of energy between the fast elec-
trons and lower-energy (<10 MeV) forward-accelerated pro-
tons. A series of simulations were carried out within a grid of
size 1200 lm and cell width 3! 10"9 m using 2! 106 macro-
particles for each species. The target was a 5 lm-thick foil
with an electron density of 2! 1028 m"3, made up of ions of
charge Z¼ 1 and charge-to-mass ratio 0.01 so as to simulate
a low charge-state heavy ion (gold-like) background while
reducing the number of electrons needed, with a 20 nm thick
layer of protons on each surface. To accommodate computa-
tional restraints, the laser duration was reduced which, de-
spite leading to lower maximum proton energies than in the
experiment, was long enough to establish a proton spectrum
in the <10 MeV energy region of interest and enabled the
effect on the proton acceleration to be studied as a function of
temporal separation of fast electron injection. Two laser
pulses, each of 200 fs FWHM duration, were initiated with
various temporal separations between the peak of the pulses
up to 2 ps. The intensity ratio and main-pulse peak intensities
in the double and single pulse interactions were the same as
the experimental values. The energy density within the simu-
lated single and double pulse profiles was measured as being
equal and the target was positioned at the foot of the first
interacting pulse so as to replicate the steep plasma gradient
interactions of the experiment. The energy content of the
lower energy portion of the forward-accelerated proton beam
was extracted 400 fs after the peak of the main drive pulse
had reached the target.

Plotting the energy conversion efficiency of the simulated
single and double-pulse accelerated proton beams normalised
to the measured single pulse value as a function of tdelay (see
Figure 2) shows that the energy conversion is optimised for
tdelay between 800 and 1200 fs. This is in good agreement
with the 1 ps optimal pulse separation observed in the meas-
ured values, also shown in Figure 2 for comparison. Despite
there being agreement in the temporal evolution of the effi-
ciency enhancement, the simulated efficiency enhancement is

notably lower than observed in the experiment. This is likely
due to the benefits of recirculation not being fully exploited in
the simulations due to fewer fast-electron recirculations tak-
ing place within the shorter pulse duration employed, as well
as front surface laser absorption mechanisms not being fully
simulated in the 1D code. The efficiency enhancement
decreases for both the measured and simulated values when
tdelay is increased to 2 ps. However, the simulations suggest
that the range of temporal separations for which a consider-
able gain in conversion efficiency might be achieved is wide,
between 400 and 1400 fs.

In order to establish the mechanism governing the opti-
misation with respect to the temporal separation, the simu-
lated proton phase-space plots, particle densities, and
longitudinal electric fields for each simulation were ana-
lysed at 100 fs time intervals after the peak of the main
pulse had reached the front side of the target, at time t0. For
the double pulse interactions, a significant gain in the mo-
mentum of the lowest energy protons in close proximity to
the heavy ion front is observed at times subsequent to t0, see
Figure 3(a). The region over which this momentum gain
occurs coincides with the region in which the proton density
is highest (see Figure 3(b)), indicating not only a boost in
velocity of this proton population but also that the total
energy content of the population was significantly boosted.
This high density region is established as a result of a
piston-like action due to electrostatic shock20 induced by
the presence of the dense, heavy ion front expanding behind
it. The proton density spike in the 1 ps simulation (middle
column of Figure 3) at the back of the proton population is
the crucial difference between the three scenarios. The re-
sultant order of magnitude density enhancement increase
over the single pulse and tdelay¼ 2 ps double pulse interac-
tions, as well as a sharp drop in the density at the centre of
the population, results in significant E-field effective across
the whole proton population, with peaks in these high gradi-
ent regions (see Figures 3(b) and 3(c)). The additional accel-
eration mechanism of ion-front repulsion in combination
with fast-electron sheath acceleration is clearly significantly
effective when this proton density profile is established,
optimising the conversion of energy to protons and translat-
ing to an enhancement in the fluence of moderate energy
protons observed.

The proton density plot for the single pulse interaction
indicates that the peak in the E-field associated with the
sheath field occurs at the leading edge of the expanding
population where the proton density is lowest, which is a
common feature of the single pulse sheath acceleration
mechanism.21 In the case of a double pulse interaction with
a longer delay of 2 ps, the proton population has sufficiently
expanded so as to dampen the density gradients at both the
front and centre of the proton population, thus the E-field
enhancement in these regions will have negligible effect.
The competing effects of time taken for the density spike to
form as the heavy ion front expands, and the expanding pro-
ton front dampening out the density gradients results in
there being an optimum pulse delay for laser-to-proton con-
version efficiency. For the conditions studied here, both the
measured and simulated values concur that a delay of
$0.8–1.2 ps is optimum.

FIG. 2. Laser-to-proton energy conversion efficiency with respect to tdelay

obtained for 5 lm-thick Au targets compared to results obtained with thicker
(100 lm-thick) Au targets. Simulated laser-to-proton energy conversion effi-
ciency with respect to tdelay normalised to the single pulse measured value is
also shown.

081123-3 Brenner et al. Appl. Phys. Lett. 104, 081123 (2014)

(2)

2C. Brenner et al., High energy conversion efficiency in laser-proton acceleration by control-
ling laser-energy deposition onto thin foil targets, Appl. Physics Letters 104, 081123 (2014)

1T. Bartal et al., Focusing of short-pulse high-intensity laser-
accelerated proton beams Nature Physics, DOI: 10-1038/NPYS2153
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FIG. 11. Conversion efficiency as a function of laser energy for
various experiments [5, 18, 20, 25, 27, 28, 34, 35, 38, 39, 53, 57, 64–
68]. The colored markers indicate that the conversion efficiency is
scaled to a 1µm target thickness by using equation 12. Grey mark-
ers display the original data points. A linear function is fitted to the
scaled data which shows the trend until a laser pulse energy of 100 J.
For higher pulse energies, it seems that the conversion efficiency sat-
urates at ⇡ 10%. Two scaled data points are excluded in this anal-
ysis (hollow markers) as they use foil thicknesses of ⇡ 100µm and
strongly overestimate the conversion efficiency.

V. CONCLUSION

In this paper, we analyzed the parametric dependence of laser
proton acceleration using numerous experimental datasets.
Motivated by theoretical models of the TNSA mechanism, we
investigated the proton cut-off energy (PCE) as a function of
the laser intensity. We found, however, that the PCE is not
well described by the intensity alone. We therefore inves-
tigated the PCE as a function of the laser pulse energy EL,
laser pulse duration tL, laser spot radius rs, and the foil thick-

ness dT . Empirical scaling laws for the PCE were retrieved
for the different parameters using large experimental datasets
with typical laser and target parameters. We found that the
PCE depends on the combination of laser pulse energy EL,
the pulse duration tL, the focal spot radius rs, and the target
thickness dT rather than the peak intensity and follows indi-
vidual scaling laws for each parameter. Table I summarizes
the different scaling dependencies of the PCE for these pa-
rameters that were obtained by fitting the power laws to the
experimental datasets. It can be concluded that the focal spot
radius has the largest impact on the PCE followed by EL and
the target thickness. The pulse duration tL has the lowest im-
pact between 30 fs and 1 ps. An empirical scaling law was
obtained (eq. 11), which incorporates EL, tL, rs, and dT . This
scaling can be used for an estimate of the PCE for a given
laser system. For such an estimate, reference data must be
included. We tested the empirical scaling law by predicting
the PCE for the 150-TW laser system Draco at the HZDR.
The average prediction of 11(4) MeV is close to the reported
value of 12 MeV. We further used the empirical scaling for a
prediction of the PCE at the 10 PW HPLS laser at ELI-NP. An
average PCE of 145(14) MeV was found using 6 different data
points as a reference.

We further investigated the conversion efficiency hi of laser
pulse energy into the kinetic energy of protons. A scaling of
the conversion efficiency with target thickness was found. In
addition, a linear scaling of the conversion efficiency hi and
the laser energy is found. Both scalings of the conversions
efficiency suggest that the conversion efficiency is limited to
slightly above 10 %.
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We can focus the beam

We can get the right ion energies

(1)

We can get a high conversion efficiency into the ion beam

Ion beam generation scales favorably with laser energy



Direct-drive compression with green light

The asymptotic uniformity of an SSD system can be
estimated by recognizing that each spectral component of
the bandwidth places the same speckle pattern on target,
determined by the phase plate, but shifted in space because
of the spectral dispersion. Smoothing occurs by superimpos-
ing multiple, statistically independent speckle patterns.191

The number of such patterns depends on the maximum spa-
tial shift (Smax) in the target plane imposed by the diffraction
gratings and the smallest shift (Smin) that will produce statis-
tical smoothing. The maximum shift is given by

Smax ¼ FDh; (6-3)

where F is the focal length of the lens and Dh is the angular
spread of the bandwidth imposed by the diffraction gratings
(referenced to the final aperture of the beam). The smallest
shift that will produce smoothing (half a speckle size) is

Smin ¼ F#k0 ¼ k0F=D; (6-4)

where k0 is the wavelength of the light irradiating the target,
D is the diameter of the near-field beam, and F# is the f num-
ber of the focusing lens. The maximum number of statisti-
cally independent speckle patterns Nstat is then

Nstat ¼ ðSmax=SminÞ2 ¼ ðD Dh=k0Þ2; (6-5)

where the ratio is squared because 2-D SSD allows the speckle
pattern to be shifted in two perpendicular directions. As with
1-D SSD, the angular spread Dh is limited by the laser pin-
holes. The two modulation frequencies must be incommensu-
rate for all the modes to be independent. The speckle
nonuniformity is reduced roughly by the factor 1=

ffiffiffiffiffiffiffiffi
Nstat

p
:

As implemented on OMEGA with 1-THz bandwidth,192

Nstat$ 104, which reduces the speckle rms nonuniformity
(taken to start at 100%) to the 1% level in the asymptotic limit.
This estimate for Nstat is somewhat simplified because it
assumes that all 2-D SSD spectral components have the same
amplitude and are independent. A full simulation of this case
in Ref. 192 gives rrms¼ 3.9%, very close to the experimentally
measured 3.8%.

Enhanced SSD smoothing can be achieved by using
additional modulation frequencies. One variation on 2-D
SSD, described as three-directional SSD, is given by Miyaji
et al.193 They use three phase modulators with incommensu-
rate frequencies and disperse the bandwidths in directions
120% apart. Results are shown in Fig. 6-12. The images in the
upper row (without phase plates) indicate the shifts in the tar-
get plane of the modes within the bandwidth. The images in
the lower row show the progressive improvement as the
number of modulators increases. The three-directional beam
is smooth with a round focal-spot shape. This smoothing
technique is used by Miyanaga et al.194 on the GEKKO
II–HIPER Laser System for the nine-beam, 0.35-lm main
drive. This system includes three frequency-doubled beams
for the foot, smoothed using PCL, and enables planar targets
to be accelerated with good uniformity.

Multiple frequency modulators with independent fre-
quencies were first proposed by Rothenberg.195 Three such
modulators are being considered for the implementation of
SSD on the NIF for direct-drive experiments, but with only
one direction of dispersion (to minimize modifications to
existing hardware).196,197 This achieves almost the same
level of uniformity as 2-D SSD and should be adequate for
direct-drive–ignition experiments. Rothenberg195 examined
multiple-frequency modulation in the limit of a large num-
ber of independent frequencies and found the result to be
roughly equivalent to ISI smoothing for the same band-
width at higher spatial frequencies. In the cross-phase-mod-
ulation implementation on Nova,187 the resulting random
phase modulations approximate SSD with multiple phase
modulators.

FIG. 6-11. Equivalent-target-plane images, integrated over an $1-ns pulse
width, of a single frequency-tripled OMEGA beam with four levels of
smoothing: (a) unsmoothed; (b) continuous phase plate, no bandwidth; (c)
bandwidth in only one modulator; and (d) bandwidth in both modulators.

FIG. 6-12. Demonstration of three-directional SSD, wherein three phase mod-
ulators with incommensurate frequencies are given angular spectral dispersion
in directions 120% apart. Reprinted with permission from Miyaji et al., Opt.
Lett. 27, 725 (2002). Copyright 2002 Optical Society of America.

110501-29 Craxton et al. Phys. Plasmas 22, 110501 (2015)

The asymptotic uniformity of an SSD system can be
estimated by recognizing that each spectral component of
the bandwidth places the same speckle pattern on target,
determined by the phase plate, but shifted in space because
of the spectral dispersion. Smoothing occurs by superimpos-
ing multiple, statistically independent speckle patterns.191

The number of such patterns depends on the maximum spa-
tial shift (Smax) in the target plane imposed by the diffraction
gratings and the smallest shift (Smin) that will produce statis-
tical smoothing. The maximum shift is given by

Smax ¼ FDh; (6-3)

where F is the focal length of the lens and Dh is the angular
spread of the bandwidth imposed by the diffraction gratings
(referenced to the final aperture of the beam). The smallest
shift that will produce smoothing (half a speckle size) is

Smin ¼ F#k0 ¼ k0F=D; (6-4)

where k0 is the wavelength of the light irradiating the target,
D is the diameter of the near-field beam, and F# is the f num-
ber of the focusing lens. The maximum number of statisti-
cally independent speckle patterns Nstat is then

Nstat ¼ ðSmax=SminÞ2 ¼ ðD Dh=k0Þ2; (6-5)

where the ratio is squared because 2-D SSD allows the speckle
pattern to be shifted in two perpendicular directions. As with
1-D SSD, the angular spread Dh is limited by the laser pin-
holes. The two modulation frequencies must be incommensu-
rate for all the modes to be independent. The speckle
nonuniformity is reduced roughly by the factor 1=

ffiffiffiffiffiffiffiffi
Nstat

p
:

As implemented on OMEGA with 1-THz bandwidth,192

Nstat$ 104, which reduces the speckle rms nonuniformity
(taken to start at 100%) to the 1% level in the asymptotic limit.
This estimate for Nstat is somewhat simplified because it
assumes that all 2-D SSD spectral components have the same
amplitude and are independent. A full simulation of this case
in Ref. 192 gives rrms¼ 3.9%, very close to the experimentally
measured 3.8%.

Enhanced SSD smoothing can be achieved by using
additional modulation frequencies. One variation on 2-D
SSD, described as three-directional SSD, is given by Miyaji
et al.193 They use three phase modulators with incommensu-
rate frequencies and disperse the bandwidths in directions
120% apart. Results are shown in Fig. 6-12. The images in the
upper row (without phase plates) indicate the shifts in the tar-
get plane of the modes within the bandwidth. The images in
the lower row show the progressive improvement as the
number of modulators increases. The three-directional beam
is smooth with a round focal-spot shape. This smoothing
technique is used by Miyanaga et al.194 on the GEKKO
II–HIPER Laser System for the nine-beam, 0.35-lm main
drive. This system includes three frequency-doubled beams
for the foot, smoothed using PCL, and enables planar targets
to be accelerated with good uniformity.

Multiple frequency modulators with independent fre-
quencies were first proposed by Rothenberg.195 Three such
modulators are being considered for the implementation of
SSD on the NIF for direct-drive experiments, but with only
one direction of dispersion (to minimize modifications to
existing hardware).196,197 This achieves almost the same
level of uniformity as 2-D SSD and should be adequate for
direct-drive–ignition experiments. Rothenberg195 examined
multiple-frequency modulation in the limit of a large num-
ber of independent frequencies and found the result to be
roughly equivalent to ISI smoothing for the same band-
width at higher spatial frequencies. In the cross-phase-mod-
ulation implementation on Nova,187 the resulting random
phase modulations approximate SSD with multiple phase
modulators.

FIG. 6-11. Equivalent-target-plane images, integrated over an $1-ns pulse
width, of a single frequency-tripled OMEGA beam with four levels of
smoothing: (a) unsmoothed; (b) continuous phase plate, no bandwidth; (c)
bandwidth in only one modulator; and (d) bandwidth in both modulators.

FIG. 6-12. Demonstration of three-directional SSD, wherein three phase mod-
ulators with incommensurate frequencies are given angular spectral dispersion
in directions 120% apart. Reprinted with permission from Miyaji et al., Opt.
Lett. 27, 725 (2002). Copyright 2002 Optical Society of America.

110501-29 Craxton et al. Phys. Plasmas 22, 110501 (2015)Green light allows for better beam control
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Less laser beams required

We believe that 2w light for direct drive compression is a 
better route for IFE power plants than UV light

• Will require LPI control
- Laser bandwidth
- STUD pulses (?)

• Fast ignition does not require high in-flight velocity 
so drive pulses can be lower intensity (~1 - 2 x 1014
W/cm2)

• 527 nm light has higher damage threshold for optics 
than 351 nm

- Frequency doubling can be done at the laser, 
not on the reactor chamber where neutron flux 
is high

- Green light easily transported to chamber

• Frequency conversion can be slightly higher 
efficiency; broader bandwidth possible

• Requires fewer expensive large aperture nonlinear 
optical crystals



We have developed a detailed point design to demonstrate 
ignition with PFI

Motivation - Proton fast ignition

1) Increase the laser energy conversion efficiency to 
protons (in the few MeV range)

2) Control proton focusing / guiding
3) Determine the effects of plasma on proton stopping 

and energy deposition

Key challenges for PFI

Physics to be 
addressed in this 

experiment

Courtesy of M. Key, LLNL

Ion-FI working group set up at a previous Fast Ignition workshop

protons

Design based on decades of research:
Lawrence Livermore National Lab.:
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Figure 4.5: Reference target, imploded by a 132 kJ laser pulse: a) target sketch, b) laser pulse
(notice the adiabat-shaping prepulse), c) Radius vs time flow chart (for the sake of clarity, only a
small number selected lagrangian trajectories are shown); d) drive parameters and main implosion
results. (Adapted from Ref. [4.17].)

have been performed with the hybrid code [4.36], studying ignition triggered by a more realistic
Maxwellian electron beam originating at some distance from the compressed fuel. Results of this
study are reported in Sec. 4.7.3

4.4.1 Reference design

We consider a very simple, all-DT target concept. A more realistic design will probably include
some degree of high-Z dopant in order to avoid radiative preheating of the fuel and employ a
DT-filled, very low-density plastic foam as an ablator.

Our reference design is shown in Fig. 4.5. The all-DT capsule has a mass of 0.59 mg, 50% of
which is ablated. The laser pulse [see Fig. 4.5b)], with total energy of 132 kJ, consists of an intense
picket, with power of 19 TW and FWHM of 125 ps, followed, after about 4 ns, by the compression
pulse. The first picket serves to shape the adiabat by using type-2 relaxation [4.32]; when the main
pulse peaks, the adiabat has a minimum value of about 0.8 at the inner surface and is about 8 at
the ablation front. At this time about 20% of the mass has already been ablated. The transit of
the final shock raises the in-flight-adiabat at the inner surface to about 1.
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Capsule: 1.044 mm radius (inner), 
1.050 (outer) CH or Be ablator

Fuel: DT (50/50), solid or thick-wall
shell (no ß-layering)

Fill: 0.587 mg DT

Compression laser energy: 280 kJ @ 2ω

Max peak intensity: 5x1014 W/cm2

RT growth factor : ≤ 6

Adiabat: ~1

Pulse duration: 12 ns

Fuel density: 300 g/cc

Max ρr (g/cm2): 1.58

max. fusion yield / gain: 13 MJ / 30

Figure 4.12: Simplified simulation of a conically-guided fuel capsule. (a) Capsule configuration,
(b) laser pulse, (c) flow diagram of the 1D capsule evolution, and (d) density isocontours of the
compressed target at the time of peak ρR in units of log10[ρ/(g/cm3)]. The cone material is gold
with a thickness such that the shock wave produced at the outer surface does not breakout before
the target ignition takes place. The cone half-angle is 30◦.

targets, however, show a number of features which deserve attention. (For a review, see, Ref. [4.39]).
In particular, radiation from the shell may heat the inner portion of the gold, that expand and
either contaminate the fuel or hinder its compression. Also, it must be proved that the fuel can
slide on the gold surface without being contaminated. Finally, no study has so far been performed
taking into account a realistic 3D irradiation geometry.

At the moment, detailed calculations of cone targets are beyond the current capabilities of
the open-source radiation-hydrodynamics codes existing in Europe. However, we have already
performed a simplified study combining 1D and 2D hydrodynamics calculations. We start with
the simulation of 1D target implosion and when the shell is approaching the target centre, the 1D
profiles are remapped onto a 2D Eulerian mesh and the calculations are continued including the
presence of the cone. Calculations have been performed with the 1D/2D radiation hydrodynamics
code SARA [4.35] including laser absorption by inverse bremsstrahlung, SESAME equations of
state [4.40], flux-limited thermal conduction, and (for the moment) neglecting radiative transfer.

The simulation refers to a target [see Fig. 4.12(a)] similar to the reference one discussed in
Sec. 4.4. The target is illuminated by the laser pulse shown in Fig. 4.12(b). The pulse energy is
135 kJ, the implosion velocity reaches 2.4×107 cm/s at the time of peak implosion kinetic energy,
the in-flight entropy parameter αif ≈ 1, the maximum density of the 1D compression 550 g/cm3

and the peak ρR = 1.5 g/cm2.
The 1D profiles are mapped onto a 2D r-z cylindrical mesh including the gold cone at 10.7 ns
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HIPER: 2D rad-hydro
Simulations (SARA)

HIPER: 5 year EU design study on IFE-Fast ignition demonstration facility, > 100. 
Publications, 26 institutions from 10 nations, endorsed by ESFRI



P(t)

 10 kJ

¬640 Tw @ 12 ps

~ 14 ps

We have a good handle on what the first ignition target will be 
and what laser energy is needed to ignite it
Proton beam energy: 18 kJ 

Teff proton beam: 3.5 MeV

Proton pulse duration: 8 ps (gap closure)

Proton focal spot size: 50 µm

Max. proton pulse duration: 20ps (hot spot lifetime)

Ignition laser: 150 kJ @ 3 ps

Ignition laser focal spot radius: 350 µm

Laser focusing optics: f/38  (approx. 15 m focal distance)

cone material: 50µm High-z (gold; Pb) 

tamping: possible cone wall tamping using Li or CH

foil material: 10µm (Cu; Al, Pb) 

cone tip: 10 µm 

cone length hemi to tip: 1mm

cone length , opening angle: 2mm, 60°
Time

Power

Total deposited 
energy



Controlled nuclear fusion is VERY challenging with considerable 
technical hurdles and risks

Technical Challenges to our IFE approach fall in four major categories
2) Laser development:

• Can lasers those be manufactured    
economically?

• Can thermal management manage 
10 Hz rep. rate?

• Can wall plug efficiency exceed >10%

5) Fifth risk area:  Regulatory challenges of 
deploying IFE plants in various countries We believe that we can assemble the broad expertise and experience in a team that 

can tackle these challenges on a 10 – 15 year time scale

3) Target fabrication challenges:

• Can targets be manufactured 
with necessary tolerances?

• Can >800,000 targets a day be 
made for < $0.50 per target?

1) Inertial fusion physics challenge:

• Is ignition possible within < 10 years?

• Is gain of over 100 possible?

• How much laser energy is needed for 
high gain?

• What is the best fusion fuel? 
(how much tritium?)

4) Reactor chamber challenges:

• Can the high neutron flux be handled?

• Do laser optics survive in this high 
radiation environment?

• What materials need to be developed 
to make the reactor vessel?



We have developed a high-level roadmap for development and 
commercialization of IFE power with a 3 phase plan

IFE Phase 1
• Initial experiments on existing facilities
• Simulations to develop detailed fusion point design
• Conceptual and engineering design of test facility
• Conceptual design on demo plant
• Establish 3000 sq-meter laboratory
• Build test facility in collaboration with DOE at the 
University of Texas

IFE Phase 2
• Build test facility for ignition: SUPER-NOVA
• Finish part of S-NOVA to do risk reduction experiments
• Conduct risk reduction experiments on proton 

acceleration and 2w laser compression
• Demonstrate Ignition at modest gain (G~10) at S-NOVA
• Develop diode pumped module for QUASAR power plant 

demo 

IFE Phase 3a
• Build demo high gain power plant facility: QUASAR
• Work to demonstrate ignition at high gain (G~100)
• Develop detailed designs for energy production
• Demonstrate target production at 1 million/day

IFE Phase 3b
• Upgrade ignition facility with additional laser 

modules as needed to go to power plant-relevant 
gain (G~200)

• Work to demonstrate ignition at high gain (G~200)

IFE Phase 3c
• Upgrade ignition facility with tritium breeding 

technology
• Add power production to ignition chamber

Secondary source technology development
• Adapt IFE laser technologies to drive radiation sources
• Develop business and products

Spin out modular rep. 
rated laser technology

Secondary source product commercialization
• Develop rugged, industrial grade radiation source
• Enter markets

IFE Power plant deployment

Revenue generation from secondary laser 
sources

Utilize laser and target 
fabrication technologies



We are undertaking a near-term science program to 
address critical risk areas

Experimental efforts

1) Study of LPI and CBET effects in 2w drive beams
• Examine LPI in fast ignition relevant drive pulses (~ 10 ns @ ~ 1014 W/cm2)
• Examine effects of increased bandwidth
• Explore possibility of STUD pulses for LPI mitigation

2) Study of proton acceleration efficiency
• Examine scaling toward multi-kJ picosecond pulse drive
• Examine pulse duration effects (with eye toward increasing pulse duration)
• Examine effects of overlapping multiple picosecond beams on the acceleration foil

3) Iso-choric compression studies (hopefully on Omega)
• Examine high r-R assembly with thick shells

Simulation efforts

1) Integrated fusion ignition simulation to confirm laser energy needs for SUPER-NOVA

2) Examine how to maximize r-R with thicker shells (or even uniform initial density DT ice)

3) Examine optimum beam arrangement for compression of cone-in-shell targets



In Phase 1, we plan to utilize a number of existing experimental 
facilities to reduce risk

The Omega laser at LLE Rochester

The L4 kJ picosecond laser at ELI-BL in Prague

The Texas Petawatt laser at UT in Austin

The PHELIX laser at GSI Darmstadt



Facility Location and Target 
completion

Targeted Specifications Technical Goals

Mini-FEUER
IFE Multi-purpose facility

University of Texas, 
Austin – Texas Petawatt 
High Bay lab 
2024 Completion

4x beams @ 1 shot/min
Each configurable in either long 
pulse (pulse shapeable) mode or 
short pulse CPA mode
LP Mode: 4x 2 kJ @ 2w (527 nm); 
2- 15 ns shapeable
SP Mode: 4x 1 kJ @ 1057 nm; 350 
fs – 10 ps

• Study basic physics of FE Proton FI 
approach: 2w drive; multi-PW proton 
beam production

• Partner with DOE FES to develop 
dual use research facility available 
for peer-reviewed user access

Super-NOVA Germany or Texas 
2028 Completion

120x beams LP for direct drive 
compression @ 1 shot/min
400 kJ @ 2w (~10 ns)
60x beams CPA for proton accel.
150 kJ @ 1w (3 - 5 ps)

• Study integrated compression/proton 
heating (Super-NOVETTE)

• Demonstrate Ignition at G~10
• Study gain scaling and optimum 

laser parameters

QUASAR USA or Europe 
2033 targeted 
completion

~250x Diode pumped laser 
modules @ 10 Hz
800 kJ (or more) LP @ 2w 
150 kJ @ 3 ps

• Demonstrate facility operation at 10 
Hz

• Ignition gain up to G>200
• Demonstrate power production and 

tritium breeding

With significant input from our Advisory Committee, we have 
put together a 3 Phase facility development plan



The technology needed for the test facility has already been 
developed and deployed by National Energetics in Prague

L4 Laser:  2 kJ per pulse
1 shot per minute
Pulse duration down to 135 fs



High Bay 
Renovations

Facility Construction

Operations DOE Funded (?)

2021 2022 2023 2024 2025 2026

~ $12M renovation investment by UT (?)

~ $60M construction investment by FE • 50% usage by FE
• 10% usage UT
• 40% usage by outside users LaserNetUS or IFE Program peer review

FE Experiments on IFE physics

We are assessing the possibility of teaming with DOE FES and 
UT to build a joint, IFE research facility at the Texas Petawatt

4 beam housed in expanded, 8000 sq. ft 
renovated high bay at UT in Austin Power amplifiers 

are liquid-cooled, 
lamp pumped 
Nd:glass amps 
developed for L4 in 
ELI Beamlines

Prospective capability
• 4 beams firing @ 1 shot/min

- Each can be operated in long 
pulse or fs-ps CPA mode

• LP Mode: 2 kJ per beam @ 527 nm
- 2 – 15 ns, pulse shapeable
- Broadband front end possible

• SP Mode: 1 kJ per beam
- 350 fs – 10 ps

• 3 m diameter target chamber w/ 
flexible beam configurations



We are beginning the design of a laser facility potentially 
capable of direct drive ignition with modest gain

Detailed Facility 
Design

Long Lead procurements made

2021 2022 2023 2024 2025 2026            2027 2028 2029 2030

Conceptual Design

S-NOVA Facility construction

Ignition 
experiment

S-NOVETTE Operations 
and experiments

Complete first bay for 
initial experiments Operations and experiments

Building 
construction

Super Novette test bay

Ignition chamber

First bay built
30 LP Beams
15 ps Beams

Power amplifiers will utilize 30 cm liquid-
cooled lamp-pumped Nd:glass
technology, adapted from L4 technology  
~ 3.5 kJ per beam @ 2w

SUPER-NOVA Concept 
w/SUPER NOVETTE intermediate step

SUPER-NOVA

Ignition scale laser @ 1 shot/min
• 120 Compression beams

- Each 3.5 kJ @2w ~ 10 ns

• 60 CPA picosecond lasers
- Each 2.5 kJ ~ 3 ps

3m dia. S-NOVETTE Chamber

6 m dia. S-NOVA Ignition Test chamber



The QUASAR Fusion Test Reactor would be based on a concept 
designed with modular architecture to allow for expansion



COMPRESSION LASER MODULES 
Modular diode pumped laser: ~3 
kJ at 527 nm out.   200-300 units

Modular Short pulse laser 
compressor units: ~1 kJ at 
10 Hz.   100-200 units

The QUASAR Demo power plant would require 
200 – 300 individual diode pumped modular 
laser units

A goal from the outset is to develop laser driver technologies that 
reduce cost and increase reliability by mass manufacturability



We are initiating an R&D effort to address the considerable 
challenges of inexpensive IFE target mass fabrication 

About 106 targets/day for <$1/target

Glue capsules to handling posts (~90 min/batch of 100)

Cut holes in tops of 
capsules (~100/day)

Insert cone, align & glue 
(~120 min/batch of 100)

Target production for ~100/day

Stamp cones from metal

(1)

Mass production techniques 
for 3D components
Automated robot assembly 
of complex targets
Insertion of targets and tracking

4 I.V. Aleksandrova and E.R. Koresheva

2. Mass production of ICF/IFE targets

One of the central tasks in the IFE reactor program is the
development of the production line operating with a massive
of the free-standing targets (FSTs).

The main steps of this production line have been in-
vestigated over the period of 1995–2016. They are as
follows: mass production of shells[34, 36–41], shell coating
with protective layers[42–45], fuel filling[30, 31, 44, 46, 47],
cryogenic fuel layering[45, 46, 48, 49], target acceleration
and injection[47, 50–57], flying target tracking and shoot-
ing[50, 57–63]. It is supposed that the first power plants will
work with radioactive D–T fuel, which is a major limitation
to IFE. Therefore, each production step of the target supply
process must be completed on a minimal time and space
scale and on very economic basis, meaning that all the
production steps have to be optimized relative to the tritium
inventory.

Below we discuss the issues concerning the evaluation and
recommendations of scalable techniques for mass production
of the foam shells and the cryogenic targets.

2.1. Mass production of the spherical foam shells

The foam shell is an integral component of the IFE target
design. The materials under consideration are divinyl ben-
zene (DVB), poly-methyl-methacrylate (PMMA) and resor-
cinol formaldehyde (RF) foams as well as polyvinyl phenol
(PVP), glow-discharged polymer (GDP) and polyvinyl alco-
hol (PVA) gas barriers. Significant advances have been made
toward demonstrating production of mass capsules in leading
IFE laboratories. The IFE capsules are complicated, preci-
sion assemblies, often requiring novel material structures.

The General Atomics and Schafer Corporation are the
prime target fabricators in the US ICF program since
1992[64–66]. They supply ICF/IFE experiments with many
thousands of targets and components each year, including
the shells from beryllium, glass, bulk polymers, polymer
and metal foams, barrier layer coatings, and so forth[65].
The technology to form reactor-scaled foam shells from
DVB is discussed in detail in Ref. [67]. The main approach
to the production of the polymer foam capsules is the
microencapsulation technology. Using a multiple orifice
droplet generator this technology can produce the capsules
at high rates. The current production rate of the reactor-scale
foam capsules from DVB is about 3 Hz (4 mm diameter
and 200–300 µm-thick, the cell dimensions is 1–4 µm, the
density is in the range of 15–200 mg/cm3)[34, 44] (Figure 2).
Thin gold and/or palladium coating can then be added on to
the outer surface of the foam shell through a vapor deposition
process (sputter coating)[34]. This Au/Pd coating is about
30–100 nm thick. Note that application of Pd as an outer
coating greatly increases the shell wall permeability thus
allowing rapid filling with D2 and D–T fuel[34, 68].

Figure 2. Foam shells made in General Atomics (taken from Refs. [44, 65]).
(a) A batch of foam DVB shells; (b) polished DVB shell of a 4 mm diameter
with a 300 µm wall, it is a prototype for the NRL IFE target design; (c) the
scanning electron microscope (SEM) image shows the foam structure of a
DVB foam; (d) SEM image of a section of the foam DVB shell with double
outer coating from PVP and GDP.

Figure 3. Sequence of video frames showing accelerated centering of inner
silicone oil droplet by intentionally inducing elongation of the outer shell.
(a) Before application of voltage; (b) a strong electric field Eo = 23 kV/m
at 100 kHz is applied for ⇠15 s; (c) field strength is reduced to 13 kV/m.
The time required for the inner droplet to achieve centering is reduced from
⇠80 to ⇠45 s and this lower field strength sustains the concentric condition
indefinitely (taken from Ref. [72]).

An approach to mass production of the foam shells using
the microfluidics devices in combination with an electric
field is considering in the United States[69–72] and Japan[73].
The process of the shell fabrication uses programmable elec-
tronic circuity to manipulate the fluid droplet and transport
targets. The following layout is considering for the shell
fabrication[69]:

– Step 1: dispense fluids and combine them to make an
oil–water emulsion.

– Step 2: center the emulsion using an electric field and
polymerize the shell.

– Step 3: remove fluid from the polymerized shell.

The experiments[72] have demonstrated that application of
the electric field at Step 2 has certain prospects to produce
a spherically symmetric liquid shell (Figure 3). Further
experiments are in the progress.

An active research IFE program has been started in
Japan[38] with respect to developing the mass technology

./. 0: 6 2  6,:3.1/ :1 :/ : , / 2/ 6,:3.1/ :/ /:6 0 / 
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material

material
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filling
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We have identified some supply chain areas which will 
likely need investment to build capability 

Laser amplifier glass

• Large slabs need for amplifiers

• 6000 – 10,000 slabs needed for 
SUPER NOVA alone (~$200M)

• Principal supplier is Schott 
(Germany) but they have 
reduced capacity since LLNL

Diffraction gratings

• Large aperture needed to 
compress multi-PW pulses

• 100 – 200 gratings needed for 
SUPER NOVA (~$50M)

• Principal supplier has been LLNL; 
some supply from PGL (USA) or 
Horiba (France)

Laser Diodes

• 5 GW peak diode power needed 
to pump QUASAR

• At $0.10/watt are huge cost in 
power plant (~$500M)

• A number of suppliers in US and 
Germany, but none have mass 
production capability (with cost 
now ~$0.50/watt)

Integrated laser mass 
manufacturing

• 200 – 400 compact, rugid, 
manufacturable systems needed 
for QUASAR

• Will require manufacturing cost 
at <$1M/kJ laser energy

• Custom laser companies exist in 
US, France and Germany



Areas needing innovation investment

1) High gain ignition concept
2) Compression using green (vs UV) laser light

• High efficiency conversion 

3) Modular diode-pumped driver laser
• Compact, rugged, inexpensive to manufacture
•  Wall plug efficiency >15% 

4) Picosecond compression technology
• Compression in gas, novel gratings (transmission gratings)

5) Modular facility architecture with variable # of beams
• In-line replaceable modules
• Picosecond and nanosecond laser module interchangeability
•  Architecture allowing plants with differing energy yields

6) Beam transport 
• Large stand-off of lasers; damage resistant, inexpensive 

optics; rugged to radiation damage 

7) Cryo target fabrication
• Extremely inexpensive to manufacture rapidly

8) Target insertion at >10 Hz

9) Energy extraction and tritium breeding technologies
• First wall materials need development

6
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1,7,8,9

Our IFE R&D plan is driven by the goal of demonstrating ignition 
and then building a 10 Hz demo reactor in the early 2030s



We have devised a phased path to commercial fusion 
power

150 kJ ignition, 290 kJ compression
We will target a facility with 
750 kJ ns lasers and 150 kJ 
ps lasers

Phase 2: Ignition and burn

2,1 mm
0.5 mg

Yield: 13 MJ
Gain:  30

Ignition 
demonstrator: no 
electrical output

2,6 mm
1.1 mg

150 kJ ignition, 400 kJ compression

Phase 3a: Demonstration of commercial gain

Yield: 38 MJ
Gain:  69

4,0 mm
2.0 mg

150 kJ ignition, 750 kJ compression

Phase 3c: Power plant

Yield: 165 MJ
Gain:  183

Output: 
800 MW



We are working with our initial investors to secure the funding 
needing to realize ignition and a rep. rated power plant demo

IFE Phase 1: Test facility and studies

IFE Phase 2: SUPER -NOVA facility.               Ignition

IFE Phase 3a: QUASAR Diode-pumped power plant demo

IFE Phase 3b: High gain

IFE Phase 3c: Power demo

2021       2022      2023      2024               2026              2028                2030                           2035  2040    

First Raise round complete
Funds:
• Start up activities
• Renovation of Darmstadt R&D 
Lab facility
• Initial Engineering work on UT 
IFE Facility and SUPER-NOVA
Prime Movers Lab, Marc Lore, 
Alex Rodriguez

IFE Power plant 
deployment

$15M    $150M         $500M        $2100M                    $3000M                $5200M

Verbal commitment from initial 
Investors
Funds:
• UT IFE Facility construction
• R&D on 10 Hz Diode pumped module
• Target fab
• SUPER-NOVA design

Funds:
• SUPER-NOVA building
• 3 kJ demo laser module @ 10 Hz
• QUASAR materials R&D
• QUASAR design

Funds:
• SUPER-NOVA construction
• SUPER-NOVETTE experiments
• Ignition demo

Possibly funded in part by first utility customer 
Funds:
• QUASAR demo @ 10 Hz
• Reactor and power production



IFE Technology Summary: Our kick-off position in IFE is 
based on solid progress in all five challenge areas

Major Challenge to an IFE Power 
Plant Demonstration

Where we are at this time Major advancement needed for fusion 
reactor demonstration

Inertial fusion physics ignition and 
high gain

• Compression to necessary density demonstrated on 
NIF at 3w

• Proton conversion efficiency of ~10% demonstrated
• Promising results seen on compression with 2w

green light

• Compression of isochoric fuel to rR of >0.3 
g/cm2 with 2w light

• Demonstration of ~15% proton efficiency in 
high x-ray flux environment of imploded fuel

• Combined ignition experiment

High repetition rate, high energy 
laser drivers

• 100 J-class 10 Hz lasers demonstrated
• CPA at the multi-kJ level at 1 shot/min 
• Lasers are science machines in clean room labs

• Development of low cost, mass producible 
laser modules at ~3 kJ per pulse at 10 Hz

• Development of compact, robust pulse 
compression modules

High throughput, high quality 
target fabrication

• Target types needed demonstrated at ~ 100 targets 
per day

• Target production at 106 targets per day at 
< $0.50 per target

• High reproducibility

Reactor chamber design, tritium 
breeding and energy harnessing

• Conceptual design for reactor and tritium breeding 
have been published

• Some work on radiation resistant steel and fibrous 
reactor wall materials already conducted

• Reactor chamber that can hold up to GW 
level neutron fluxes for many years

• Liquid lithium tritium breeding system
• Easily replaceable inner reactor chamber

Fusion power plant regulations 
and licensing

• Discussions of regulatory framework in the US have 
been started with NRC by the Fusion Industry 
Association

• Framework for licensing a demo plant in the 
US with the NRC

• Regulatory framework in Europe and Asia



IFE Science Summary: The science basis for proton fast 
ignition driven fusion gain is now very strong

• Proton fast ignition decouples the compression of fusion fuel from the sparking of burn 
in the fusion fuel

• This eases the requirements for symmetry in compression

• There is good experimental evidence that compression can be achieved with 2w green 
light, easing the manufacture of the drive lasers

• 10% proton conversion efficiency has been demonstrated in select experiments, 
equaling what is needed for PFI

• We have a specific point design validated by multiple simulations


